Background: Patients with Diabetes are at greater risk for ischemic stroke and usually suffer more severe ischemic brain damage than nondiabetic patients. However, the underlying mechanism of the exaggerated injury is not well defined. Aims: Macroautophagy (hereafter called autophagy in this report) plays a key role in cellular homeostasis and may contribute to cell death as well. Our aim was to determine whether autophagy was involved in the enhanced susceptibility of diabetic brain cells to ischemic injury and explore it as a possible target for the treatment of stroke in a diabetic condition. Results: A type II diabetic mouse model generated by combined administration of streptozotocin and nicotinamide showed enlarged infarct volume, increased cell death and excessive blood-brain barrier (BBB) disruption compared with nondiabetic stroke mice. After ischemic stroke, both diabetic and nondiabetic mice showed enhanced autophagosome formation and autophagic flux as demonstrated by increased expression of autophagy signals Beclin 1, microtubule-associated protein light-chain II (LC3-II), and decreased autophagy-specific substrate p62. The increased autophagic activity was significantly higher in diabetic stroke mice than that in nondiabetic stroke mice. The autophagy inhibitor 3-methyladenine (3-MA) attenuated the exaggerated brain injury and improved functional recovery. Conclusions: These data suggest that autophagy contributes to exacerbated brain injury in diabetic condition, and autophagy-mediated cell death may be a therapeutic target in diabetic stroke.
Introduction
Focal cerebral ischemia is one of the leading causes of death and disability worldwide, and more than 30% of stroke patients are known to be diabetic [1, 2] . More than 90% of the 200 million patients with diabetes across the world are type 2 diabetes, which is characterized by high blood glucose in the context of insulin resistance and relative insulin deficiency. It is well known that both acute hyperglycemia and chronic diabetes exaggerate ischemic brain damage in experimental and clinical stroke, but the mechanisms remain elusive [3] [4] [5] . Brain lactic acid accumulation and tissue acidosis due to hyperglycemia have been most commonly correlated with more extensive tissue damage in diabetic stroke [6] . Nevertheless, rapid correction of the hyperglycemia after acute ischemia with reduced brain lactic acid level has not improved outcomes in clinical trials [6, 7] . In addition to the vascular and hyperglycemic alterations, other mechanisms might contribute to the enhanced susceptibility of the diabetic brain to ischemic injury [1, 8] .
Autophagy is a physiological process long known to maintain cellular homeostasis through lysosomal degradation, recycling long-lived proteins and eliminating damaged organelles such as mitochondria and endoplasmic reticulum. Autophagy is thus known primarily as a prosurvival mechanism for cells facing nutrient deprivation or other stress conditions. However, accumulating evidence indicates that autophagy can contribute to cell death processes under pathological conditions [9] [10] [11] [12] . The double-edged effect of autophagy on pancreatic b-cell loss in diabetes and in cerebral ischemia has been implicated [12] [13] [14] . The functional role of autophagy in the pathogenesis of diabetic complications such as atherosclerosis, cardiomyopathy, nephropathy, and neuropathy is currently under intensive investigation [15] [16] [17] .
In studies of nondiabetic animals, autophagic activities increase following cerebral ischemia [10, [18] [19] [20] , and some evidence indicates that the autophagy pathway could contribute to ischemiamediated neuronal cell death [18, [21] [22] [23] . Information about autophagy in diabetic stroke animals has been very limited. Two recent reports showed that 23 days after transient common carotid artery (CCA) occlusion seemingly mimicking a global ischemic insult, increased neuronal loss, astrocytes activation, Ab generation, and autophagy activity were observed in the hippocampus of diabetic mice [17, 24] . On the other hand, to our knowledge, there has been no study to investigate the involvement of autophagic pathway in the pathogenesis of exaggerating acute brain damage after focal ischemic stroke in diabetic animals.
The present investigation examined the autophagic activity in a murine type 2 diabetic stroke model. We further examined a possible treatment of diabetic stroke using an autophagy inhibitor 3methyladenine (3-MA) and determine the role of autophagy in the pathogenesis of ischemic brain damage in diabetic mice.
Materials and Methods

Diabetic Mouse Model
All animal experiments and surgical procedures were approved by the Institutional Animal Care and Use Committee at Emory University and met NIH standards. Adult male C57BL/6 mice (National Cancer Institute, NCI, Bethesda, MD, USA), 10-12 weeks old and approximately 25 g in weight, were used in this study. Diabetes was induced by i.p. injection of nicotinamide (210 mg/kg; Sigma, St. Louis, MO, USA) dissolved in saline 15 min before an i.p. administration of streptozotocin (180 mg/kg; Sigma) dissolved in citrate buffer (pH 4.5; Sigma) prepared immediately before use [25, 26] . Controls received the vehicles of both substances. After treatment with STZ or vehicle, animals were housed for 2 months and given food and water ad libitum. Blood glucose levels following a four-hour fast were monitored twice per month using samples from the tail vein with the FreeStyle â glucose meter (Abbott Diabetes Care, Alameda, CA, USA). Two months after the induction of diabetes, blood was collected from orbit. Twenty-five microlitres of plasma were assayed for insulin by ELISA using a Mercodia Ultrasensitive Insulin ELISA Kit (Mercodia AB Uppsala, Sweden).
Focal Cerebral Ischemic Stroke Model
The focal cerebral ischemic stroke in adult male mice was induced as previously described [27] . Briefly, animals were anesthetized with i.p. injection of 4% chloral hydrate. Focal ischemia restricted to the right barrel/sensorimotor cortex was induced by permanent occlusion of 2-3 distal branches of the MCA. This was accompanied by 7-min bilateral CCA ligation. Sham animals were done with the same surgery procedure without MCA or CCA occlusion. During surgery and recovery periods, body temperature was monitored using a rectal probe and maintained at 37.0 AE 0.5°C using a heating pad and a temperature-controlled, ventilated incubator.
3-Methyladenine Administration
3-Methyladenine (3-MA; Sigma), a widely used pharmacological inhibitor of autophagy, was prepared to a final concentration of 30 mg/mL in 2 lL saline and was administered by intracerebroventricular (i.c.v.) injection immediately after ischemia onset into the ipsilateral ventricle. Saline alone injection served as a negative control.
Infarct Volume Assessment
At 24 h after stroke, the brain was removed and sliced into 1-mm coronal sections using a mouse brain matrix and incubated in 2% 2, 3-5-triphenyl-tetrazolium chloride solution at 37°C for 5 min. Brain sections were scanned, and the unstained versus stained area was determined using NIH Image J on the ventral side of six brain slides per animal. The infarct area (mm 2 ) of staining in each slice was multiplied by the slice thickness (1 mm) to get the infarct volume (mm 3 ). The indirect infarct volume was calculated by the difference between the volume of contralateral cortex and the volume of the TTC-stained portion (nonischemic) of ipsilateral cortex of each mouse, following the calculation: contralateral volume À (ipsilateral volume À infarct volume). This method helps to correct edema in the ipsilateral hemisphere in order to achieve accurate assessments of infarct volume. The brain infarct volume was the summation of six individual section volumes.
Terminal Deoxynucleotidyl Transferase Biotin-dUPT Nick End Labeling
Ten lm brain sections were prepared every 90 lm across the region of interest. Cell death was assessed using the Terminal deoxynucleotidyl transferase biotin-dUPT nick end labeling (TUNEL) staining kit according to the manufacturer's instructions (Dead-End Fluorometric TUNEL system; Promega, Madison, WI, USA). The slides were counterstained with Hoechst 33342 (1:20,000; Life Technologies, Grand Island, NY, USA) for 5 min to reveal the nucleus of all cells before mounting with ProLong Antifade mounting medium (Life Technologies). The result was presented as ratio of TUNEL-positive cells among all nuclei within 4009 magnification fields.
Immunohistochemical Staining
Brain cryosections (10 lm thickness) were fixed with 4% paraformaldehyde for 15 min, permeabilized with 0.2% Triton X-100 for 5 min, and blocked with 1% fish gelatin (Sigma) for 1 h at room temperature. Specimens were then incubated with the following primary antibodies overnight at 4°C: goat anticollagen type IV (1:400; Millipore, Billerica, MA, USA), rabbit anti-LC3 (microtubule-associated protein 1A light-chain 3; 1:400; Cell Signaling, Danvers, MA, USA), goat anticathepsin D (1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-Beclin 1 (1:5000; Abcam, Cambridge, MA, USA). For the staining of occludin, brain cryosections were fixed with ethanol at 4°C for 30 min followed by ice-cold acetone for 3 min, washed, blocked, and incubated with mouse antioccludin (1:100; Life Technologies). After rinsing with PBS, brain sections were then treated for 1 h at room tem-perature with the relevant secondary antibodies: Cy5-conjugated donkey anti-goat IgG, Cy3-conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA, USA) or Alexa Fluor 488 anti-rabbit IgG and anti-mouse IgG (1:200; Life Technologies). Slides were mounted with ProLong Antifade mounting medium (Life Technologies) and analyzed under a fluorescent microscope (BX51; Olympus, Tokyo, Japan).
Cell Counting
For systematic random sampling in design-based stereological cell counting, every ninth brain section (90 lm apart) across the entire region of interest was counted. For multistage random sampling, six fields per brain section were randomly chosen in the penumbra region [27] under 4009 magnification of a fluorescent microscope. This was repeated in six separate sections per brain.
Western Blotting
Twenty-four hours after ischemia, 3-5 animals for each group were used to collect ipsilateral penumbra tissue samples. The brain tissues were lysed using modified radioimmunoprecipitation assay buffer (50 mmol/L HEPES, pH 7.3, 1% sodium deoxycholate, 1% Triton X-100, 0.1% sodium dodecylsulfate, 150 mmol/L NaCl, 1 mmol/L ethylenediaminetetraacetic acid, 1 mmol/L Na 3 VO 4 , 1 mmol/L NaF), and protease inhibitor cocktail (Sigma) for 30 min, followed by centrifugation at 17,000 g for 15 min. Protein concentration of each sample was determined using the bicinchoninic acid assay (Sigma). Samples of 20 lg proteins were electrophoresed on a 6% to 20% sodium dodecyl sulfate-polyacrylamide gradient gel in a Hoefer Mini-Gel system (Amersham Biosciences, Piscataway, NJ, USA) and transferred in the Hoefer Transfer Tank (Amersham Biosciences) to a polyvinylidene difluoride membrane (BioRad, Hercules, CA). Membranes were blocked with buffer (Tris-buffered saline containing 0.1% Tween-20, pH 7.6%, 5% bovine serum albumin) and then incubated with one of the following antibodies overnight at 4°C: rabbit anti-LC3 (1:1000; Novus, Littleton, CO, USA), anti-SQSTM1/A170/p62, rabbit (1:500; Wako Inc., Osaka, Japan), rabbit anti-Bcl-2 (1:1000; Cell Signaling), rabbit anticleaved caspase-3 (1:500; Cell Signaling) and mouse antioccludin (1:500; Life Technologies). Mouse bactin (Sigma) was used as the protein loading control. The blots were washed in 0.5% Tris-buffered saline containing 0.1% Tween-20 (TBST) and incubated with alkaline phosphatase-conjugated anti-rabbit or anti-mouse IgG (Promega) for 2 hrs at room temperature. Finally, membranes were washed with TBST followed by three washes with Tris-buffered saline. Signal was detected by the addition of 5-bromo-4-chloro-3-indolyl-phosphate/nitroblue tetrazolium (BCIP/NBT) solution (Sigma). Data were quantified and analyzed using the NIH image J program (NIH, Bethesda, MD, USA). The expression level of each protein was corrected against the loading control of b-actin.
Evaluation of Neurological Deficits
The adhesive-removal test is a sensitive test for assessing sensorimotor deficits after focal cerebral ischemia affecting the sensorimotor cortex [18, 28] . This was used to evaluate the neurological dysfunc-tion after stroke, as previously described [18] . Briefly, a training session (for 3 days, 1-2 trials per day) was performed until the mice could take off the sticky dots on their paws within 12 seconds before surgical procedures. Animals were tested before and 23 h after ischemia by an investigator who was blinded to the experimental groups. The shortest time (tested from 4 to 5 trials) required to sense (time to detect) and remove (time to remove) the sticky dot from the left paw was recorded. All testing trials were conducted during the day time.
Statistical Analysis
Two-tailed Student's t-test was used for comparison of two experimental groups. Multiple comparisons were performed using oneway analysis of variance followed by Tukey's test for multiple comparisons. For pairwise comparisons, one-way analysis followed by Bonferroni selective comparisons were performed. Changes were identified as significant if P was less than 0.05. Data were expressed as mean AE SEM.
Results
Pathophysiological Assessments of the Experimental Diabetic Mouse
A diabetic animal model was created in adult male mice via injection of streptozotocin and nicotinamide (STZ/NA). Within 2 months after the induction, animals exhibited significantly lower body weight and elevated levels of blood glucose (200-300 mg/dL) with respect to age-matched vehicle control mice (Table 1 ). This hyperglycemia was stable during the 2-month period before ischemic surgery. Plasma insulin levels, measured 2 months after STZ/NA treatment, were decreased by 68% in diabetic mice as compared with controls. Treatment with the autophagy inhibitor 3-MA (30 mg/mL in 2 lL saline, i.c.v. injection) had no effect on these variables in diabetic mice before and during 24-hr period after ischemia. The mortality rate after stroke surgery in diabetes group was seemingly higher, yet not significant different from nondiabetic stroke animals.
Increased Autophagosome Formation in Diabetic Stroke Mice
To study autophagy after ischemic stroke, diabetic and nondiabetic animals were subjected to a focal ischemic insult targeting the right barrel/sensorimotor cortex [27] . Beclin 1 is an essential autophagy protein known to activate the lipid kinase Vps34 and induce autophagy [29] . Immunostaining showed that the increase in brain beclin 1 expression in diabetic stroke mice was significantly greater than that in nondiabetic stroke animals at 12 and 24 h after stroke ( Figure 1) . A cytosolic form of microtubule-associated protein light-chain I (LC3-I) is lipidated during autophagy to form LC3-II, a widely used marker for autophagosome [21, 30, 31] . To evaluate whether the autophagy pathway is involved in the diabetic ischemic brain, immunostaining of LC3 was visualized by fluorescence microscopy as punctuate structures representing autophagosomes 24 hrs after ischemic insult (Figure 2A -C and Figure 3A -C). On the other hand, diffuse staining of LC3 could be intermittently detected in the sham control brain (Figure 2A ). The LC3-positive cells were primarily located in the penumbra region of the brain after focal ischemia. The percentage of cells with bright LC3 punc-tae and cells colabeled with TUNEL staining was significantly elevated in diabetic stroke mice compared with nondiabetic stroke controls 24 h after ischemia ( Figure 2B -D).
The conversion from LC3-I to LC3-II occurs in autophagy, while the LC3-II level is regarded more reliable in autophagy measurement [32, 33] . LC3-II was thus detected using Western blotting in penumbra tissues of the ischemic brain. No difference was seen in the basal level of LC3-II between diabetic and nondiabetic mice (data not shown). In stroke animals, LC3-II levels significantly increased 24 h after ischemia in both groups ( Figure 2E ). Even more LC3 conversion was detected in diabetic stroke mice compared with nondiabetic ischemic controls ( Figure 2F ). As expected, the augmented LC3-II conversion could be largely prevented by the autophagy inhibitor 3-MA ( Figure 2F ).
Increased Autophagosome Flux in Diabetic Stroke Mice
As authophagy is a dynamic process, the increased number of autophagosomes could result from either increased autophagic activity (autophagic flux) or decreased degradation of autophagosomes [21] . To distinguish these possibilities, levels of the lysosomal protease cathepsin D and the autophagy-specific substrate p62 were measured in the postischemic brain [21, 34] . At 24 h postischemia, immunostaining revealed cells with cathepsin Dpositive dots in the peri-infarct region of both diabetic and nondiabetic stroke brain sections ( Figure 3B ,C). At high magnification, double staining showed strong autophagosomal LC3 labeling and lysosomal cathepsin D labeling in the same cells ( Figure 3A -C).
In Western blot analysis, focal cerebral ischemia induced significant decreases in the p62 level. In diabetic stroke mice, the reduction was much greater compared with nondiabetic stroke animals ( Figure 3D) . Thus, increased LC3 signaling and decreased p62 expression support an upregulation of autophagic flux in diabetic stroke mice.
Increased Ischemic Brain Damage and Neuroprotective Effect of Autophagy Inhibition in Diabetic Stroke Mice
Diabetic stroke mice showed significantly larger brain infarct volume: the infarct volume measured using TTC staining was 28% larger than that in age-matched nondiabetic stroke animals (Figure 4A,B ). Diabetic stroke mice showed an increased percentage of TUNEL-positive cells in the penumbra region (0.45 AE 0.02 vs. 0.37 AE 0.01, in diabetic and nondiabetic mice, respectively, n = 5 and 15 for nondiabetic and diabetic mice, respectively, P < 0.05) 24 h after stroke ( Figure 4C-F) .
As we observed augmented autophagic activity in the diabetic stroke brain, we tested the hypothesis that the increased autophagy contributed to the more severe brain damage. Intraventricular injection of 3-MA, at a dosage that could block LC3-II conversion ( Figure 2F) , was applied to diabetic stroke animals. 3-MA reduced infarct volume both in regular and diabetic mice measured using TTC staining ( Figure 4B ). In a closer examination at the cellular level, a significant reduction of TUNEL-positive cells was seen with 3-MA 24 h after stroke in nondiabetic stroke mice and diabetic stroke mice ( Figure 4G ). The tight junction protein occludin is a marker of interendothelial clefts and an important indicator of the integrity and paracellular permeability of the blood-brain barrier (BBB) [35, 36] . Diabetes had no effect on occludin expression in sham controls (data not shown). Compared with sham controls, occludin levels were significantly decreased 24 hrs after ischemia in both diabetic and normo-glycemic groups. The decrease, however, was significantly greater in diabetic stroke animals ( Figure 5A-E ). 3-MA treatment soon after stroke led to noticeable preservation of occludin levels in nondiabetic stroke mice; the effect on occludin expression in diabetic stroke mice, however, was not significant in immunostaining experiments ( Figure 5E ). As the immunohistochemical method surveys a limited region of the ischemic brain, we then assessed the occludin expression in the peri-infarct cortex using Western blot analysis and identified that 3-MA treatment significantly increased the occludin protein level in diabetic stroke mice comparing with saline-treated diabetic mice ( Figure 5F ).
Effects of 3-MA Treatment on Apoptotic Cell Death Pathways
The interaction between apoptotic and autophagic pathways has been proven both in vitro and in nondiabetic cerebral ischemic animals [10, 37] . We tested whether this cross-talk exists in a diabetic condition. In Western blotting assays using the antibody against cleavaged caspase-3, both nondiabetic and diabetic stroke mice showed significant caspase-3 activation in peri-infarct region ( Figure 6A ). 3-MA treatment significantly suppressed the caspase-3 activation by about 50% (Figure 6A ). In diabetic stroke mice, the cerebral ischemia did not change the level of antiapoptotic protein Bcl-2 24 h postischemia, while 3-MA treatment significantly doubled the expression of Bcl-2 in the diabetic stroke brain ( Figure 6B) . These experiments focused on the diabetic condition support the idea that apoptotic cell death contributed significantly to ischemic brain injury.
Sensorimotor Functional Deficit after Ischemic Stroke and Effect of 3-MA
In neurological functional assays, worse deficits were seen with diabetic stroke mice compared with nondiabetic stroke mice. In adhesive-removal test, both nondiabetic and diabetic stroke mice took significantly more time to detect and remove sticky dots attached to their ischemia-affected left paws ( Figure 7A,B) . Stroke mice in both groups received the 3-MA treatment (30 ng, i.c.v. soon after ischemia) showed improvements in the functional assessment. 3-MA-treated diabetic stroke mice was significantly faster in detecting the sticky dot (shorter latency), although the reduction in removal time was not significant ( Figure 7A,B) . The 3-MA treatment in nondiabetic stroke animals did not reach to statistical significance in these experiments ( Figure 7A,B ).
Discussion
The present investigation demonstrates that ischemic brain damage is exacerbated in STZ/NA-induced diabetic mice. The exaggerated brain damage occurs concurrently with upregulated autophagic activity in the ischemic brain. We provide novel evidence that not only autophagosome formation but also autophagic flux is augmented in diabetic stroke mice. Blocking the postischemic autophagy using the autophagy inhibitor 3-MA prevents the excessive ischemic brain damage in diabetic mice as well as shows improvements in functional recovery after ischemic stroke.
In the STZ/NA-induced diabetic mouse model, we confirmed that these mice developed nonobese diabetic symptoms characterized by stable hyperglycemia (200-300 mg/dL), hypoinsulinemia (68% reduction), and growth impairment after STZ treatment [26, 38] . Due to the partial protection of NA against the b-cell cytotoxic effect of STZ, these diabetic mice showed better overall well-being and lower mortality rates when subjected to the cere- bral ischemic insult compared with animals rendered diabetic by STZ alone. This type of diabetic model is closer to type 2 diabetes with respect to b-cell dysfunction, diminished insulin-to-glucose ratio, and calorie-controlled high-fat diet leading to insulin resistance [38] . Upon focal cerebral ischemia after 2 months of hyperglycemia, these diabetic animals exhibited larger infarct volume, enhanced cell death ratio in the penumbral region, more severe BBB disruptions and worse functional deficits compared with normoglycemic controls. As it is well known that ischemic injury is exaggerated with hyperglycemia [39] , we assume the increased damage is closely related to the hyperglycemia-associated oxidative stress, vascular inflammation and tissue acidosis as well as impaired cellular metabolism [40] [41] [42] . Autophagy occurs at basal levels in most tissues as part of homeostatic functions and is involved in development, differentia-tion, and tissue remodeling [43, 44] . Autophagy plays a doubleedged role in certain diseases, including cancer, liver disease, muscular disorders, b-cell mass loss in diabetes, and neurodegenerative diseases. Despite the physiological role of cellular protection, autophagic activities in these disease states may contribute to cell damage depending on the cellular milieu [9, 13, 43] . Previous evidence indicates that autophagic cell death is a potential contributor to ischemia-induced neuronal cell death in nondiabetic stroke animals [10, [18] [19] [20] [21] [22] [23] . Consistent with the general idea that autophagy is an insult to neuronal cells, autophagy has been shown to generate a preconditioning effect against ischemic damage [45, 46] . Our present investigation suggests that increased autophagy flux plays a role in exaggerated cell death in the diabetic ischemic brain. This is in line with a previous report that autophagy increases after a global ischemic insult in diabetic mice [17] . Figure 4 Protective effect of autophagy inhibition with 3-MA in the diabetic ischemic brain. Cerebra ischemia-induced brain infarct formation and cell death were measured 24 h after the onset of MCA occlusion using TTC and TUNEL staining, respectively. Autophagy was blocked using i.c.v. injection of 3-MA immediately after ischemia. (A) TTC staining images of infarct area (white) in nondiabetic stroke control, diabetic stroke mice received saline vehicle treatment and 3-MA treatment. (B) Quantified TTC staining measurement of infarct volume calculated using the indirect method. Diabetic mice showed significantly larger infarct volume compared with nondiabetic stroke mice (n = 8 and 11, respectively). 3-MA treatment showed a trend of reducing the infarct volume (n = 10, P = 0.14). The 3-MA effect become significant when direct measurement of infarct volume was applied (data not shown), indicating that 3-MA had an inhibitory action on brain edema. (C-F) Immunofluorescent images of all nuclei (Hoechst, blue) and TUNEL-positive (green) cells in the penumbra region of the nondiabetic and diabetic stroke brain with and without 3-MA. (G) Cell counting results from the immunostaining assay. Diabetes significantly increased the percentage of TUNEL-positive cells (n = 5 and 15 for nondiabetic and diabetic mice, respectively). 3-MA treatment soon after ischemia (n = 12) significantly attenuated the percentage of TUNEL-positive cells. *P < 0.05 versus saline controls, # P < 0.05 versus nondiabetes saline group. During autophagy process, the membrane-bound structure autophagosome is formed to sequester cytoplasm. The autophagosome fuses with a lysosome, where it is degraded and the macromolecules recycled [43] . We showed that there is an upregulation of LC3-II conjugate, a marker for autophagosomes, assessed by both Western blotting and immunostaining in diabetic stroke mice comparing with age-matched nondiabetic stroke mice. Double labeling showed that the increased number of autophagosomes colocalized with the upregulated lysosomal marker cathepsin D in the same cells. Further evidence for upregulated autophagic flux came from the assay on the level of p62, a specific substrate that is preferentially degraded by autophagy. This assay showed greater decreases of p62 in diabetic stroke animals compared with nondiabetic controls, which is consistent with augmented autophagic activities. These results provide evidence that there is an increase in autophagic flux, not just an increase in autophagosomes formation in diabetic stroke mice. To further determine the role of the upregulated autophagic flux in the pathology of diabetic stroke, we tested the effects of the autophagy inhibitor 3-MA. Our results showed that 3-MA prevented exaggerated brain damage in diabetic mice and lowered the injury to the level of nondiabetic stroke mice. 3-MA also showed functional benefits in diabetic stroke animals. These data indicate that the increased autophagic flux contributes to the exacerbated ischemic brain damage in diabetic mice.
There are limitations that can be identified in the experiment using 3-MA. 3-MA is a PI3-kinase inhibitor (both class I and class III) and has been widely used as a pharmacological inhibitor in autophagy studies. However, 3-MA is not autophagy specific [21, 47] . 3-MA acts on other kinases and affects other cellular process such as lysosomal acidification and the mitochondrial permeability transition [21] . In the present investigation, we did not solely rely on the pharmacological tool for the demonstration of the involvement of autophagy. The increased expression level of LC3 and decreased level of P62 in diabetic stoke mice and the colocalization of LC3 and cathepsin D in the same cells agree that autophagic flux indeed increases in the diabetic mice. Knocking down or deleting specific autophagy genes such as Atg7 and combined therapy with autophagy and apoptosis inhibitors may provide more specific evidence in further experiments.
It has been shown that autophagy can either directly execute cell death in Bax/Bak double knockout mice or alter the dynamics of death through interactions with apoptosis [43, 48, 49] . Apoptosis and autophagy pathways may act synergistically or counter each other by sharing many of the same molecular regulators, such as Bcl-2 family proteins and sphingo-lipid metabolic pathways [9,37,50]. The cross-talk between these two pathways has been proven both in vitro and in nondiabetic cerebral ischemic animals [10, 37] . It remains to be verified whether the postischemia autophagic activity damages the cells directly or through interactions with the apoptotic cell death pathway. Our data suggested that autophagy and apoptosis seemed to be linked in diabetic cerebral ischemic animals, because inhibiting autophagy with 3-MA markedly attenuates caspase-3 activation and augments the antiapoptotic protein Bcl-2 expression. The latter is the founding member of the Bcl-2 family of apoptosis regulators [51] and is reported to be participate in the inhibition of autophagy through the interaction of Bcl-2/Bcl-XL with Beclin 1 [52] . This observation further suggests possible crosstalk between autophagy and apoptosis after focal cerebral ischemia in diabetic mice. The markedly increased antiapoptotic gene Bcl-2 by 3-MA is an interesting observation, which may contribute partially to the neuroprotective effect of 3-MA in the ischemic brain at the time when PI3K kinases are inhibited. In our study, over 80% of TUNEL-positive cells in the penumbra region showed positive staining with autophagic markers such (A) (B) Figure 7 Functional benefits of 3-MA treatment in diabetic stroke mice. Sensorimotor functional activity was assessed using the removal test performed 24 h after stroke. (A) Measurement of time to detect the attached dot on the affected paw corresponding to the ischemic sensorimotor cortex. There were no differences among groups before stroke. Functional deficit of prolonged detection time was seen 24 h after stroke in both nondiabetic and diabetic animals. 3-MA showed a strong trend of shortening the detecting time (P = 0.09) in nondiabetic stroke mice. The shortening in 3-MA-treated mice was statistically significant. (B) Measurement of time to remove the attached dot. All animals showed similar removal times before stroke, stroke caused significant delay in the removal time. Between nondiabetic and diabetic groups, diabetic stroke mice took much longer time to remove the sticky dot from their pawns. This functional deficit was largely corrected by 3-MA treatment. The correction by 3-MA in nondiabetic mice was not significant. N = 7 in control groups, n = 11 for nondiabetic stroke groups, n = 8 and 6 for diabetic with and without 3-MA treatments. *P < 0.05 vs. nonstroke controls (before stroke), # P < 0.05 vs. diabetic stroke control. as LC3. Given the fact that cell death is often accompanied by features of autophagy, we cannot conclude that this majority of TUN-EL/LC3 double-positive cells undergo cell death through a pure autophagy pathway [53] . In previous investigations, we showed that ischemia-induced neuronal damage is a mixed form of cell death, including concurrent necrotic and apoptotic features in the same cells [7] . This hybrid or mixed cell death can be demonstrated in vitro under conditions such as oxygen glucose deprivation and Na + ,K + -ATPase failure [28] . More evidence implicates that the hybrid cell death is a common form of cell death after ischemia in vivo when the insult simultaneously triggers multiple cell death pathways [7, 37] . The present investigation provides further evidence that autophagy is one of the contributors to the hybrid cell death mechanism in the ischemic brain. We recognize that identification of autophagy in different cell populations will provide additional information for the cell death mechanism in different cells such as glial and endothelial cells. In our cell counting assay on double staining with LC3-II and NeuN, over 90% LC3-II-positive cells were NeuN positive. On the other hand, ischemia-induced BBB disruption is worse in diabetic mice than in nondiabetic mice, suggesting exacerbated injury to vascular endothelial cells. As 3-MA attenuates the BBB damage, autophagy may occur in endothelial cells. A further investigation will be needed to focus on the role of autophagy in endothelial cells, neurovascular unit and BBB damage in nondiabetic and diabetic mice.
(A) (B)
In conclusion, we here report novel evidence for the involvement of upregulated autophagic activity in mediating exaggerated brain damage in diabetic mice after focal cerebral ischemia. The excessive autophagy in diabetic stroke mice could result from diabetes-related factors like hyperglycemia, insulin deficiency, and other related metabolic defects. Further studies will be needed to explore the underlying mechanism. Collectively, these results suggest that autophagy pathway is associated with worsened tissue damage in diabetic stroke. The involvement of autophagy-mediated neuronal and vascular cell injury merits further attention in the cell death mechanism of diabetic stroke and provides a potential new target for the treatment of ischemic stroke in patients with diabetes.
